Mild traumatic brain injury (TBI) is characterized
Mild traumatic brain injury (TBI) is characterized by acute physiological changes that result in at least some acute cognitive difficulties and typically resolve by 3 months postinjury. Because the majority of mild TBI patients have normal structural magnetic resonance imaging (MRI)/computed tomography (CT) scans, there is increasing attention directed at finding objective physiological correlates of persistent cognitive and neuropsychiatric symptoms through experimental neuroimaging techniques. The authors review studies utilizing these techniques in patients with mild TBI; these techniques may provide more sensitive assessment of structural and functional abnormalities following mild TBI. Particular promise is evident with fMRI, PET, and SPECT scanning, as demonstrated by associations between brain activation and clinical outcomes.
1 Approximately 80% of these injuries are classified as mild 2 with loss of consciousness (LOC) lasting less than 30 minutes, an initial Glasgow Coma Score (GCS) of 13 to 15, and posttraumatic amnesia lasting less than 24 hours. 3 Increasingly, mild traumatic brain injury (TBI) has been recognized as a major public health concern with an annual worldwide incidence ranging from 100 to 550 per 100,000 people. [4] [5] [6] [7] The economic impact of mild TBI is substantial, accounting for about 44% of the $56 billion annual cost of TBI in the United States. 8 Although it is clear that most patients suffer some acute cognitive difficulties, the nature and course of postacute cognitive recovery remains an area of intense controversy. Most patients recover fully from mild TBI, but 7% to 33% [9] [10] [11] have persistent problems. Frequently, complaints involve a constellation of physical, emotional, and cognitive symptoms collectively known as postconcussion syndrome, often without demonstrable
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structural changes to the brain 12 or neuropsychological dysfunction. 13, 14 Clinical neuroimaging findings are normal in the majority of mild TBI cases. For example, Borg et al. 15 report that 5% of individuals who have a GCS score of 15, 20% with a GCS score of 14, and 30% with a GCS score of 13 have abnormal findings on clinical computed tomography (CT). Thus, a large majority of mild TBI patients, both symptomatic and asymptomatic, have normal CT scans. Similarly, although magnetic resonance imaging (MRI) is more sensitive than CT in mild TBI patients 12, 16, 17 and MRI findings have been correlated with neuropsychological performance in mild TBI, 17 many symptomatic patients have normal MRI scans. Indeed, 43% to 68% of mild TBI patients have normal structural scans on MRI. 18, 19 This may be either because there is no structural brain damage in those symptomatic patients with normal scans or because current technology is unable to detect it. [20] [21] [22] Certainly, microscopic diffuse axonal injury, reported as present in autopsy studies of mild TBI, [23] [24] [25] is largely undetectable using traditional neuroimaging techniques. 23, 26 Alternatively, others contend that persisting symptoms are the result of psychological mechanisms, such as poor coping styles, 27, 28 emotional reactions to an adverse event, 29 or expectations of symptoms that may occur following a mild TBI. 30 Though postconcussion syndrome has been recognized for at least the last few hundred years, 5 the debate over the persistence of symptoms following mild TBI in a minority of individuals has led to postconcussion syndrome being a particularly controversial diagnosis in the medical-legal arena.
When clinical neuroimaging findings are present following a mild TBI, the classification changes to "complicated mild TBI," which has a 6-month outcome more similar to moderate TBI. 31 Therefore, it is in the symptomatic mild TBI patients with negative clinical neuroimaging that a search for more sensitive imaging techniques or biological markers continues. Newer and experimental neuroimaging techniques provide promise in this regard and may also be useful in demonstrating the physiological mechanisms of rehabilitation treatment effects. 32 These include structural or chemical techniques, such as diffusion tensor imaging (DTI), magnetization transfer imaging (MTI), and magnetic resonance spectroscopy, and functional techniques such as functional MRI (fMRI), positron emission tomography (PET), and single photon emission computed tomography (SPECT). This article critically reviews the existing literature of these newer neuroimaging techniques in individuals with mild TBI.
Criteria for Literature Review
The following criteria were employed to evaluate the findings from many different technologies and to suggest directions for future research:
The Technique Should Be Sensitive to Brain Injury
There must be evidence of convergent validity either with a concurrent history of brain injury or with other tests of brain injury, such as neurological examination, neuropathological examination, or conventional MRI and/or CT findings. Studies conducted with moderately to severely injured patients suggest that this criterion has been met for the aforementioned techniques. One purpose of this review will be to evaluate the extent to which this criterion has been met for patients with mild TBI. This criterion will be met if there are imaging abnormalities in patients with a known history of mild TBI relative to comparison subjects.
In meeting this criterion, positive neuroimaging findings should also correspond to known pathology associated with mild TBI. Animal models suggest that there can be structural or functional changes in mild TBI with increased neurofilament reactivity within 30 minutes of injury 33 and subsequent impaired anterograde axoplasmic transport with swelling of the axonal cylinder and disconnection of the axon from its target. 34 The extent of diffuse axonal injury (DAI) is correlated with recovery rate in monkeys. 35 Povlishock and Becker 36 have demonstrated that mild injury can elicit axonal swelling that may persist unchanged, degenerate, or undergo a regenerative response, suggesting some variability in recovery prognosis for mild TBI. Early indication of DAI in mild TBI, however, primarily manifests as misalignment of the cytoskeletal network 33, 37 observed microscopically. Autopsy evaluations in humans have revealed that the extent of DAI can be identified through postmortem microscopic evaluation. [23] [24] [25] Autopsy of mild TBI patients who died of unrelated causes suggests that the corpus callosum is the most frequent site of DAI, 38 with other frequently reported areas being the brainstem and lobar white matter. 23 Clearly, finding a new technology with more sensitive identification of these injuries and processes in vivo would be useful, both to clinicians and to patients, who often search for objective markers of their symptoms.
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The Technique Provides Incremental Validity Above and Beyond That Provided by Conventional Structural MRI and/or CT Scans
If experimental neuroimaging techniques add nothing to current clinical assessment protocols, they simply add to health care costs. This criterion is met if a given neuroimaging technology more fully detects or demonstrates damage in patients whose conventional MRI/CT scans are normal. Alternatively, the technique may detect damage in brain regions that appear normal on conventional scans.
Ideally, the Technique Should Correlate With Clinical Examination or Symptom Presentation, or Have Predictive Validity
Findings of the neuroimaging technique should be related to functional status as measured in some objective manner (e.g., neurological examination or neuropsychological testing). This establishes that an identified neuroimaging anomaly is not simply an incidental finding. The significance of an unusual pattern of metabolism on PET in an individual who had a mild TBI is unclear if the patient is asymptomatic and presents normally on clinical examination. From a clinical standpoint, correlation with function is important to interpreting the meaning of a positive neuroimaging finding.
The first step in meeting this criterion is to demonstrate correlations between abnormal neuroimaging findings and measures of functioning. A clinically useful second step would be to demonstrate correlations between abnormal neuroimaging findings and measures of future functioning. For example, prospective studies in which acute neuroimaging findings predict persistent symptoms beyond the typical 3-month recovery period 39 would be valuable.
Structural and Chemical Neuroimaging Findings
Diffusion Tensor Imaging Diffusion tensor imaging (DTI) is a relatively new MRI application that capitalizes on the diffusion of water molecules for imaging the brain. While diffusionweighted MR imaging measures the diffusion of water molecules in a particular direction, DTI takes this a step further by imaging diffusion in a number of different directions-typically six. This allows for the calculation of a matrix or tensor which represents diffusion in three dimensions. 40 In the white matter, water diffusion is higher along fiber tracts than across them, which allows for directional measurement of diffusion and, hence, measurement of structural integrity. The most robust DTI parameter, 41 fractional anisotropy, provides a measure of tissue microstructure by quantifying the extent to which diffusion occurs in one particular direction within each voxel. Fractional anisotropy is correlated with measures of fine motor speed and verbal fluency in normal aging. 42, 43 Abnormalities in white matter are detected via DTI in patients with severe head injuries 11 months to 9 years following injury. 44, 45 Only one study 46 has been conducted with mild TBI patients. This study examined five patients within 24 hours of injury and 10 comparison participants and then retested two of the five patients at 1 month postinjury. Various regions of interest (ROI) were selected, and in each case only from white matter that appeared normal on conventional MR images (i.e., normal-appearing white matter or "NAWM" hereafter). Mild TBI patients demonstrated reduced directional diffusion (fractional anisotropy) in white matter relative to comparison participants, both within 24 hours and at 1 month postinjury. More abnormalities were noted in the internal capsule and the corpus callosum relative to the external capsule. These findings are consistent with animal models of mild TBI. Furthermore, the study found recovery in some areas in two patients who were rescanned 30 days after injury. Based on one study, then, DTI has demonstrated sensitivity to mild TBI at least up to 1 month postinjury. This study also meets the incremental validity criterion as it demonstrated reduced fractional anisotropy in NAWM on conventional MRI. However, this study did not address whether DTI abnormalities in mild TBI are related to clinical variables and/or outcome. Cognitive recovery in head injury correlates with restoration of white matter integrity assessed with xenon-enhanced CT measures of local cerebral perfusion. 47 As such, DTI may be in a unique position to predict recovery in patients with TBI. This will be particularly relevant to mild TBI which results primarily in axonal injury, often within the context of normal clinical CT/MRI scans. The potential ability of DTI to identify subclinical DAI neuropathology explains the excitement about this modality.
Magnetization Transfer Imaging
Magnetization transfer imaging (MTI) is another technique that increases the contrast between tissues by exploiting the exchange of protons between water and NEUROIMAGING IN MILD TBI macromolecules. When a radio frequency pulse is applied, it selectively saturates those protons that are bound to macromolecules. 48 This technique provides information about tissue changes not detected with conventional T1-and T2-weighted MR images. The magnetization transfer ratio (MTR) represents a quantitative measure of the structural integrity of tissue, with reductions in MTR suggestive of neuropathology. Only a few studies have been conducted with TBI patients. Results suggest that MTI is able to detect abnormalities not seen on traditional MRI scans among TBI patients of mixed severity, though there is poor correlation with outcome to date.
Bagley et al. 49 scanned 28 patients, 21 of whom were symptomatic, of varying severity 1 to 29 days postinjury. Of the five patients with mild TBI (GCS‫31ס‬ to 15), only one had abnormal MTR findings (in temporal and occipital lobe white matter and the internal capsule). As this patient with mild TBI and abnormal MTR was placed in a long-term care facility 6 months postinjury, it may be that only asymptomatic patients have normal MTR values. Consistent with this hypothesis, these authors conducted another study focusing specifically on 13 patients with persisting cognitive complaints following mild TBI, 50 most of whom were "within months" of injury. Twelve of these patients had normal MRI scans. These investigators found significantly lowered MTR in patients relative to comparison subjects in the splenium of the corpus callosum consistent with autopsy data showing the corpus callosum as the most frequent site of DAI following mild TBI. 38 Regional MTR values correlated with only two of the 25 neuropsychological measures administered. Specifically, MTR values in the splenium were moderately correlated with verbal recognition memory (r‫,)95.0ס‬ while MTR values in the pons, although not abnormally low, were moderately correlated (r‫)85.0ס‬ with visual attention span. Finally, Sinson et al. 51 studied 30 patients with a mean admitting GCS score of 11, who were a median of 41 days postinjury. Five of the six patients who had abnormal MTRs had mild TBI (GCS‫41ס‬ or 15). Their abnormalities were detected in the splenium, internal capsule, pons, and white matter of the temporal and occipital lobes. It is curious that MTR anomalies were more prevalent in mild TBI than in moderate TBI. However, of note is an autopsy study of severe brain injury 52 suggesting the need for intact pathways to cause injury at a distal location; specifically, more damaged frontal cortex related to less damage in the thalamic reticular nucleus.
In summary, with mild TBI patients, MTI largely detects abnormalities within the first month or two following mild TBI. A promising aspect of these findings is that demonstrated areas of abnormalities are consistent with known DAI neuropathology in mild TBI (i.e., lobar white matter, corpus callosum). Further study is needed to demonstrate associations with clinical variables.
Magnetic Resonance Spectroscopy
In contrast to neuroimaging techniques offering structural information about brain integrity, magnetic resonance spectroscopy (MRS) offers in vivo neurochemical information by detecting signals from individual solutes in body tissues. This technique can be used to assess metabolic irregularities following brain injury. MRS is based on measuring magnetic signals from certain nuclei (mostly 1H or 31P) in response to radiofrequency pulses. The main metabolites measured by 1H MRS are: N-acetylaspartate, which is a quantitative marker of neuronal health 53 and is significantly decreased in demyelinated areas in multiple sclerosis; choline, which is a marker of inflammation 54 and is elevated in cell proliferation; 55 myo-inositol, which is a glial marker; 56 lactate, which is an indirect indicator of ischemic and hypoxic conditions; 55, 57 and creatine and phosphocreatine, which are related to energy metabolism. 58 Data from MRS studies are often expressed as changes in the ratio of N-acetylaspartate to creatine or choline. Reporting metabolite ratios allows investigators to control for reductions in metabolites that may be due to variations in cellular density. 59 Studies conducted with moderately to severely injured patients 1 to 2 months postinjury suggest that MRS is sensitive to injury and correlates with neuropsychological functioning and functional outcomes. [60] [61] [62] Longitudinal investigations suggest that initially reduced white matter N-acetylaspartate returns to near-normal levels by 2 months in mild TBI patients 63 and by 6 months in moderately to severely injured TBI patients, 61 while gray matter N-acetylaspartate continues to be abnormally low for at least 6 months postinjury 61 in moderate to severe brain injury. However, the study conducted with mild TBI patients sampled from pericontusional areas in white/gray matter that were evident on CT (making these complicated mild TBI patients), while the study conducted with moderate to severe TBI patients sampled only from normal-appearing occipital lobe gray and white matter. Therefore, the recovery rate of white matter N-acetylaspartate for un-
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complicated mild TBI may be faster than suggested by these data.
Garnett et al. 64 studied a range of injury severity including mild TBI (defined as either GCS‫31ס‬ to 15 or PTA Ͻ24 hours). The eight mild TBI participants were an average of 8 days postinjury and half had normal MRI findings on T2-weighted images. Significant elevations in choline/creatine ratios were detected in mild TBI patients relative to comparison subjects in NAWM of the frontal lobes. Although N-acetylaspartate/creatine ratios were significantly reduced in moderately and severely injured patients, this ratio was not significantly reduced in mild TBI patients. Interestingly, lactate was not apparent in the spectra of any participants, regardless of severity.
In mild TBI cases (GCS‫41ס‬ or 15) with normal clinical MRI scans, Cecil et al. 65 reported N-acetylaspartate/ creatine ratios in the splenium of the corpus callosum significantly below comparison subjects in 11 of 16 patients. It is not known whether these abnormalities correlate with clinical variables. Also, given the wide range of time since injury in these patients (i.e., 9 days to 4.5 years), it unclear if the low N-acetylaspartate/creatine ratio values were present only in the acute injury patients or also in the more chronic patients. Govindaraju et al. 66 sampled tissue appearing normal on MRI clinical scans in a study of mild TBI patients (GCS‫31ס‬ to 15, LOC Ͻ30 minutes) who were an average of 13.3 days postinjury. They found no focal abnormalities in metabolites in 15 of the 16 subjects tested, although group data differed significantly from comparison subject data in several regions. Specifically, increased choline/creatine ratios in occipital lobe gray matter, decreased N-acetylaspartate/creatine ratios in parietal white matter regions, and decreased N-acetylaspartate/choline ratios in occipital regions were noted in the patient group. Metabolite ratios did not correlate significantly with clinical measures either acutely or at discharge. In addition, most of these patients (10 out of 16) had abnormal CT scans, calling into question the incremental validity of the neuroimaging data.
Son et al., 63 in an investigation of seven mild TBI patients (GCS‫31ס‬ to 15) with abnormal CT scans, found low N-acetylaspartate/creatine and elevated lactate/ creatine ratios in pericontusional areas (mostly temporal lobe) relative to comparison subjects within 7 days of injury. Two months later, there were no significant differences between mild TBI patients and comparison subjects in N-acetylaspartate/creatine ratios, while lactate/creatine ratios were undetectable in two patients and significantly reduced in three others. Clinical correlates or outcomes of these early abnormalities were not examined, although the researchers indicated an "uneventful" course in all patients, with all seven returning to preinjury activities.
In summary, MRS offers promise with regard to the sensitivity criterion, although metabolite abnormalities were inconsistent across studies. Specifically, mild TBI resulted in increased lactate acutely in one study 63 but not in another. 64 Similarly, there were significantly reduced N-acetylaspartate/creatine ratios in the splenium of the corpus callosum, 65 in parietal white matter, 66 and in white/gray matter of pericontused areas of the temporal lobes, 63 but not in white matter of the frontal lobes. 64 Finally, two studies found elevated choline/ creatine ratios, one in the white matter of the frontal lobes 64 and one in occipital lobe gray matter. 66 Metabolite abnormalities were not apparent in other sampled brain regions, such as the brain stem or cerebellum. 66 Also, the incremental validity of MRS is unclear as most studies were conducted at least in part with patients who had abnormal clinical scans. Further research is also needed to address relationships with functional correlates. The one study that addressed this issue found no relationship between metabolite ratios and outcomes. 66 MRS research, like many of these newer techniques, suffers from disparate acquisition protocols across research groups. In addition, the use of ratios may be problematic in TBI. Creatine, for instance, is used to standardize other brain metabolites because it is relatively invariant and uniform in normal brain tissue. 67 However, it is not known if creatine is stable in TBI. Problems arise if creatine is affected similarly to the metabolite of interest. Indeed, there is suggestion from other literatures that creatine may be reduced in hypermetabolic and raised in hypometabolic states. 68, 69 As metabolism may be compromised in mild TBI, 71 it is questionable to assume invariance of creatine in mild TBI.
Magnetic Source Imaging
Magnetic source imaging (MSI) utilizes magnetoencephalograpic technology to acquire electrophysiological data from the brain and combines it with structural data from conventional MRI technology. Only one MSI study has been conducted with mild TBI patients (GCS‫31ס‬ to 15, LOCϽ20 minutes) who were 2 to 38 months postinjury. 72 One group (N‫)01ס‬ had normal clinical scans
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and no postconcussive complaints while the other group (N‫)02ס‬ consisted of patients with continued postconcussive complaints, 10% of whom had abnormal clinical scans. Using MSI, abnormalities were generally detected in symptomatic patients but not in asymptomatic patients. Abnormal low-frequency magnetic activity and magnetic slowing considered in combination were most specific to postconcussive symptoms. Only one patient from the group with mild TBI but no postconcussive complaints had abnormal magnetic slowing. MSI appears to be sensitive in mild TBI patients with postconcussion symptoms, but not necessarily in all mild TBI patients. Incremental validity was also present; the authors reported that MSI was three times more sensitive than MR imaging alone. Functional correlates were not examined.
Functional Neuroimaging Findings
Functional MRI Functional MRI (fMRI) is a widely used neuroimaging technique for measuring brain functioning. The assumption behind blood-oxygen-level-dependent (BOLD) fMRI, which is most commonly utilized, is that an increase in neuronal activity results in an increase in local blood flow, leading to reduced concentrations of deoxyhemoglobin, a product of oxygen consumption. This reduction of deoxyhemoglobin leads to a smaller local magnetic field gradient, which results in a greater T2 image and an increase in MRI signal. However, the relationship between the signal change in T2 weighted images and vascular flow differences are not fully understood and may be nonlinear. There is an initial hypooxygenation response to stimulation that is highly localized and then followed by several seconds of widely dispersed hyperoxygenation. Studies of working memory in moderate to severe TBI suggest blood flow abnormalities relative to comparison subjects, particularly in the frontal lobes. [72] [73] [74] McAllister et al. 75, 76 studied working memory in mild TBI patients with normal structural scans who were approximately 1 month postinjury. In the first study, 75 12 mild TBI patients (GCS‫31ס‬ to 15, LOCϽ30 minutes) were recruited from emergency room records and tested between 6 to 35 days postinjury. These patients had poor memory, trouble concentrating, and difficulty with their jobs, but did not express greater levels of anxiety or depression relative to comparison subjects. Mild TBI patients had poorer performance on neuropsychological measures of simple reaction time and sustained attention, but not on a variety of other measures, including psychomotor speed, executive functions, and memory. In the scanner, they were asked to complete an auditory "n-back" task that entailed successive levels of working memory tested through presentation of a series of letters.
During the 1-back condition, for example, participants were asked to discern whether a letter presented aurally represented a target letter presented visually a moment before. During the 2-back condition, they had to decide whether the letter heard matched the letter seen two letters prior. Both patients and comparison subjects activated bilateral frontal and parietal regions in response to increasing demands on working memory but produced different brain activation patterns in response to different processing loads. Whereas comparison subjects primarily showed increases in activation from 0-back to 1-back, mild TBI patients primarily showed increases in activation from 1-back to 2-back. However, the mild TBI patients and comparison subjects showed comparable overall levels of activation on the 2-back task and comparable performance on the n-back task. The authors suggest that, rather than neuronal loss, mild TBI patients may have decreased ability to allocate or modulate resources according to processing load. 75 In a follow-up study, 76 these researchers added a 3-back condition with 18 mild TBI patients, six of whom had participated in the prior study. All 18 mild TBI subjects had normal clinical (or structural) MRI scans. Mild TBI participants again showed more cognitive symptoms than comparison subjects and again had poorer performance than comparison subjects on attention measures. Their scores again were comparable to those of comparison subjects on all n-back conditions and activated similar regions (bilateral frontal and parietal regions) in response to increasing demands on working memory.
Consistent with the prior study, the pattern of activation differed between mild TBI and comparison subjects. Mild TBI subjects had higher levels of activation than comparison subjects going from 1-back to 2-back, but less activation than comparison subjects going from 2-back to 3-back. Activation levels between 0-back to 1-back were not reported. This study again suggests subtle differences in brain functioning during increased working memory load. Rather than simply demonstrating additional activation with each increase in task difficulty, the observation was one of variable activation of mild TBI subjects compared to comparison subjects.
Finally, Jantzen et al. 77 conducted a prospective fMRI study of mild TBI using four concussed football players (no LOC but transient confusion) and four player comparison subjects. The scores of both groups on tests of sensorimotor coordination, working memory, memory, and mental calculations did not reliably change from preinjury to within 1 week postinjury. At baseline, the cognitive tasks elicited the expected brain activation patterns in frontal, parietal, and cerebellar regions. Within 1 week following injury to the concussed group, both groups showed increased activation during the cognitive tasks. However, the concussed players demonstrated much larger increases in supplementary motor, bilateral premotor cortex, superior and inferior parietal regions, and bilateral cerebellar regions.
These studies meet the sensitivity, incremental validity, and first step of the functional correlate criteria. However, the finding in McAllister et al.'s second study 76 revealed an anomalous pattern that is inconsistent with the first McAllister et al. study. 75 In the second McAllister et al. study, 76 comparision subjects actually showed significantly greater increases in activation than the mild TBI patients as the n-back task became more demanding. Future research is needed to clarify these differences. Future studies also will need to address a number of methodological considerations, including the difficulty inherent in "controlling" for mood in TBI patients and the susceptibility of fMRI to artifact in regions commonly affected by TBI (i.e., the frontal lobes; see Hillary et al. 78 for a detailed discussion of these and other issues related to conducting fMRI research with TBI patients). In addition, it is unclear how long these anomalous patterns persist given that all studies to date have examined mild TBI participants within the first month postinjury. These issues aside, fMRI offers some of the most promising findings to date.
Positron Emission Tomography
Positron emission tomography (PET) is a diagnostic imaging technique for measuring regional brain metabolism. Glucose is brought to the brain via the bloodstream; accordingly, the rates of regional cerebral blood flow (rCBF) within various brain regions are regulated depending on the changing demands of these regions. Radionuclides used in PET scanning are typically isotopes with short half lives. These isotopes are incorporated into compounds normally used by the body, such as glucose or water, and then are injected into the body to trace where they become distributed.
Following severe TBI, brain cells exhibit a metabolic state called hyperglycolysis in which glucose metabolism is increased above normal levels. The initial brief response of hyperglycolysis is followed by a relatively prolonged period of metabolic depression that is followed by recovery. One study suggests that this recovery occurs at approximately 1 month regardless of severity. 79 This triphasic metabolic pattern has been demonstrated in animal models of TBI 80 and in research with humans using PET technology. 79, [81] [82] [83] [84] Nonetheless, the studies summarized below suggest that metabolic abnormalities may persist chronically in at least some mild TBI patients.
Humayun et al. 85 studied three mild TBI patients (GCS‫31ס‬ to 15, LOCϽ20 minutes, normal CT and MRI) who were 3 to 12 months postinjury and three matched comparison subjects. All three patients had deficits on neuropsychological testing in attention/concentration and memory abilities. None had a history of prior head injury. Mild TBI patients performed more poorly on a computer-based vigilance task during the scan, but not statistically so given the small number of participants. There were no significant group differences in global metabolic rate. However, decreased glucose metabolism was found in the left posterior lateral temporal cortex, right anterior frontal cortex, and left caudate nucleus of mild TBI patients, while increased metabolism was noted in left and right medial temporal cortices.
Ruff et al. 86 studied nine mild TBI patients (LOCϽ20 minutes) who were an average of 18 months postinjury (range‫1ס‬ to 37 months), presented with significant neuropsychological deficits, and were consequently referred for PET scans. The authors reported that CT and/ or MRI findings in these patients were "generally negative." Both mild TBI patients and comparison subjects performed a continuous performance test during scanning. Unfortunately, results were not presented quantitatively. According to the authors, hypoactivity was more prevalent in frontal areas in the mild TBI participants.
Gross et al. 70 studied 20 patients with mild-tomoderate TBI who were being treated for TBI-related complaints (e.g., irritability and decreased attention) an average of 43 months postinjury. Based on loss of consciousness (Ͻ30 minutes), 17 of the 20 patients were mildly injured. All but two had normal MRI/CT scans.
Both mild TBI patients and comparison subjects (N‫)13ס‬ performed a continuous performance test during scanning. Eighty-two ROIs were collapsed to temporal, frontal, and parietal regions. All 20 patients demonstrated some type of abnormality in at least one region. Although both hypo-and hyper-metabolism were found in the same regions across different mild TBI patients relative to comparison subjects, there was a significant correlation between the overall number of subjective complaints and number of PET metabolic abnormalities. There was also a significant relationship between attention/concentration complaints and temporal lobe abnormalities on PET within the mild TBI patients. Finally, there was an overall significant correlation between metabolism abnormalities in the three brain regions of mild TBI patients and performance on neuropsychological measures of memory and executive functions.
Chen et al. 87 examined differences between five mild TBI patients (GCS‫31ס‬ to 15, LOCϽ30 minutes, normal CT/MRI) and five comparison subjects in rCBF, measured via H 2 15 O during a spatial working memory task. Mild TBI patients were an average of 16.6 months postinjury and presented with persisting complaints. They did not differ from comparison subjects, however, on a checklist measure of depression or anxiety and none of the patients was involved in litigation. Mild TBI patients performed more poorly on neuropsychological measures, particularly recognition memory and psychomotor speed, and expressed more postconcussive symptoms. Though there were no rCBF differences between patients and comparison subjects during the resting scan, there was a smaller percentage increase for mild TBI patients in the right inferior frontal gyrus during the spatial working memory task on which the groups performed comparably.
In summary, the results of PET studies conducted with mild TBI patients in the chronic stage are very inconsistent, with findings ranging from no global abnormalities but significant regional hypometabolism, 70, 85, 86 no overall abnormalities in metabolism except during a working memory task, 87 and both hypo-and hypermetabolism in the same regions across different mild TBI patients. 70 As all of these studies were conducted at least 3 months postinjury, the inconsistency is troubling. In addition, although mild TBI patients typically perform comparably to comparison subjects on attention tasks, both hypometabolism and hypermetabolism are noted regionally in association with these tasks. The Chen et al. 87 study is an exception but utilized H 2 15 O methodology and showed frontal rCBF changes with the spatial working memory task in mild TBI subjects. PET abnormalities generally are associated with neuropsychological performance, 70 though these comparisons are sometimes made qualitatively. 86 PET studies offer promise, having demonstrated sensitivity to mild TBI, incremental validity, and functional correlates. Nonetheless, more studies conducted exclusively with patients with mild head injury are needed to understand the clinical correlates of hyper-versus hypometabolism.
Single Photon Emission Computed Tomography
Single photon emission computed tomography (SPECT) has been used as a less expensive and more readily available alternative to PET, with its primary application being the gross localization of rCBF. Unlike PET studies, however, SPECT studies typically measure the patient's brain at rest. Measuring blood flow is considered an indirect gauge of brain metabolism. Also unlike PET, most applications of SPECT imaging require comparisons between an ROI and another brain region presumably free of injury. This methodological requirement is problematic for TBI work, given the potential diffuse nature of the injuries. It should further be noted that blood flow is not necessarily equivalent to metabolism. Although in healthy individuals the two are highly correlated, this relationship is less clear following TBI. 79 Indeed, some data suggest discordance between blood flow and metabolism following TBI. 88, 89 as has been demonstrated in the PET literature. 90 These caveats aside, SPECT offers promise with regard to meeting the criteria of sensitivity, incremental validity, and clinical correlates.
In patients within 2 days of injury, Audenaert et al. 91 found evidence of focal abnormalities in frontal and temporal regions using cobalt-57-SPECT in mild TBI patients (GCS‫,51ס‬ no loss of consciousness) with no evidence of pathology on CT or EEG. Clearly, incremental validity above and beyond CT is established, although no comparison subjects were studied. As such, there is no way to evaluate the extent to which these findings are specific to brain injury. These investigators found an association with neuropsychological testing in seven of eight patients, although this correlation was made qualitatively. In contrast, Hofman et al. 18 found no consistent relationship between neuropsychological tests and 99mTcHMPAO SPECT abnormalities in patients 2 to 5 days postinjury. In these mild TBI patients (GCS‫41ס‬ to 15, LOCϽ20 minutes), SPECT again showed incremen-tal validity over conventional MR images, identifying abnormalities in frontal, parietal, and thalamic regions. Most abnormalities represented hypoperfusion, although, again, there was no comparison with comparison subjects.
Finally, in 20 mildly to moderately injured patients who were 1 to 9 days postinjury, Nedd et al. 92 reported incremental sensitivity over CT scans in terms of both identifying more lesions (87.5% versus 37.5%) and greater surface area of involvement using 99mTcHMPAO SPECT. Most abnormalities reflected hypoperfusion compared with comparison subjects, although three cases exhibited hyperperfusion. This discrepancy could be due to the variability in certain patient characteristics of the group (i.e., differences between those measured at 1 versus 9 days postinjury). No attempt was made to correlate these SPECT findings with functional data.
More studies have examined patients in the postacute and chronic stages. As in the acute stages, SPECT demonstrates increased sensitivity beyond conventional CT/MRI. Umile et al. 93 found that four symptomatic mild TBI (GCS‫31ס‬ to15, LOCϽ30 minutes) patients had decreased perfusion on SPECT (primarily frontaltemporal) an average of 19 months postinjury. However, these abnormalities were assessed subjectively, without benefit of a comparison group. All of the patients endorsed symptoms of depression and were impaired on neuropsychological tests of attention, memory, and information processing. Expected relationships between abnormalities within eight ROIs and neuropsychological tests were not demonstrated. Similarly, Varney and Bushnell, 94 in a sample of 14 mild TBI patients (GCS‫31ס‬ to 15, LOCϽ30 minutes) with normal CT/MRI who were at least 5 years postinjury and chronically unemployed (despite a preinjury history of responsible employment), demonstrated 99mTcHMPAO SPECT hypoperfusion relative to comparison subjects primarily in anterior mesial temporal lobe. However, given that this sample is not representative of typical mild TBI (i.e., chronically disabled), it is difficult to draw conclusions. Finally, Bonne et al., 95 in a symptomatic group of 28 mild TBI patients (GCS‫31ס‬ to 15, LOCϽ20 minutes) an average of 5.2 years postinjury with normal CT/MRI scans, found 99mTcHMPAO SPECT abnormalities (hypoperfusion) relative to comparison subjects primarily in medial and lower temporal and frontal regions. These authors reported meaningful relationships between hypoperfusion in frontal, left posterior and subcortical regions and corresponding neuropsychological tests.
However, these relationships were reported qualitatively in a dichotomous fashion with no indication of the strength of association.
Other studies conducted with patients in the chronic stages have tended to use a mixture of patients with both normal and abnormal CT/MRI scans. For instance, Gray et al. 96 utilized a sample of 20 mild TBI patients (GCS‫31ס‬ to 15, LOCϽ20 minutes), 25% of whom had abnormal CT scans at least 6 months postinjury. Using 99mTcHMPAO SPECT, hypoperfusion (relative to comparison subjects) was found in 60% of patients, with an overall concordance between CT and SPECT of 55%. Ichise et al. 97 drew a sample of 15 mild TBI patients (GCS‫31ס‬ to 15, LOCϽ20 minutes) from the same rehabilitation practice, for whom initial CT scans were available for about half of the sample (88% normal). These patients were again at least 6 months postinjury and were compared with normal comparison subjects. 99mTcHMPAO SPECT revealed relative hypoperfusion primarily in frontal and temporal regions. SPECT was more sensitive than CT/MR images. An anteriorposterior gradient was calculated by summing the activity in four anterior ROIs and dividing by the sum of four posterior ROIs. Whereas volumetric brain volume, as measured using structural T1-weighted MR images was not sensitive to mild TBI, the anterior-posterior SPECT gradient was sensitive to mild TBI and correlated with neuropsychological tests of attention, memory, and executive function in the whole group (both mildly and severely injured patients).
In a larger sample of 43 mild TBI patients (LOCϽ20 minutes) who were 1 to 65 months postinjury, Kant et al. 98 found 99mTcHMPAO SPECT hypoperfusion in 53% of their sample, with only 12% having documented abnormalities on CT/MR scans. Most SPECT abnormalities were in frontal and temporal regions. Neither memory and executive deficits nor self-reported depressive symptoms were significantly related to these abnormalities. As these analyses were conducted using dichotomous data (i.e., normal versus abnormal), less statistical power was available to detect potential differences. Umile et al., 99 in a sample of 20 mild TBI patients (GCS‫31ס‬ to15, LOCϽ30 minutes) who were referred for postconcussive symptoms from 2 weeks to nearly 8 years postinjury, reported inconsistent findings with regard to neuropsychological and PET/SPECT findings. Fourteen patients (70%) had the predicted memory problems coincident with temporal lobe abnormalities, while six patients (30%) had discordant findings (e.g., temporal lobe
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abnormalities but no memory deficits); these comparisons were made qualitatively.
Jacobs et al. 100, 101 examined the predictive power of SPECT by following 136 patients with GCS Ͼ13 and normal admission CT scans for 1 year postinjury. Clinical outcomes were measured categorically using a neurological exam, postconcussive symptom checklist, and memory and concentration tests. They found initial positive predictive power (i.e., conditional probability of subsequent poor clinical outcome given the presence of an initial abnormal SPECT scan) of SPECT to be 44% at 3 months with improvement to 83% at 12 months, while negative predictive power (i.e., conditional probability of a normal clinical outcome given initial normal SPECT) of the initial scan was 92% at 3 months with improvement to 100% at 12 months. Due to the high number of false positive errors at 3 and 6 months postinjury, these authors recommend caution in attributing an abnormal SPECT finding to posttraumatic sequelae in mild TBI; an abnormal initial SPECT scan postinjury does not preclude good clinical recovery.
However, a normal initial SPECT scan is highly suggestive of good clinical outcome. Indeed, the American Academy of Neurology guidelines recommend the use of SPECT as an investigational tool only, as the clinical significance of positive findings is unknown. 102 The Jacobs et al. study exemplifies one of the best attempts to address the relevant issues with regard to validity issues. It demonstrates the sensitivity of SPECT to mild TBI, its incremental validity by using subjects with normal CT scans, and its relationship with clinical variables. Moreover, this study followed patients prospectively to study predictive validity.
In summary, most SPECT studies, when conducted within the first few weeks postinjury, reveal hypoperfusion associated with mild TBI, 18, 91, 92 although relationships to clinical variables were either not demonstrated, 18 reported in a qualitative fashion, 91 or not studied. Studies conducted with more chronic mild TBI patients (i.e., 6 months or more postinjury) also reveal hypoperfusion on SPECT; [93] [94] [95] [96] [97] [98] [99] patients in all of these studies were symptomatic or presumably symptomatic (e.g., recruited from rehabilitation centers). These studies found inconsistent relationships between both symptom complaints and SPECT findings with neuropsychological testing. Some studies, 95, 97, 99 on the other hand, did find a relationship, although the location of metabolic abnormalities detected via SPECT and the site of cerebral dysfunction inferred from neuropsychological testing did not consistently correspond. In the only study to use the anterior-posterior gradient as the comparison with neuropsychological findings, a relationship was observed. 97 Finally, very few of the reviewed SPECT studies used comparison groups, relying instead on clinical judgment. Nonetheless, there is a relatively consistent presence of hypoperfusion in the frontal and temporal regions across studies. Table 1 presents a summary of studies that reported results separately for mild TBI patients using newer neuroimaging techniques (see Mendez et al. 103 for a review of neuroimaging in sports-related mild TBI). All studies, regardless of technology, demonstrated abnormalities associated with mild TBI in at least some participants. MTI, MRS, fMRI, PET and SPECT all show promise with regard to greater sensitivity than traditional MRI/CT scans. This is sometimes reflected in group differences between mild TBI participants and comparison subjects and other times through demonstration of abnormalities in brain regions appearing normal on MRI. Importantly, most studies that demonstrated incremental validity (by using only participants with normal CT/MRI scans) also correlated neuroimaging abnormalities (at least to some extent) with clinical variables. DTI and MRS in particular require additional work in mild TBI participants to demonstrate clinical utility and abnormalities in the chronic stage.
Neuroimaging Conclusions and Caveats
As can be seen in Table 1 , the functional studies most closely approach the ideal with regard to the criteria outlined in the introduction, although it remains to be seen whether the abnormalities seen in mild TBI consistently extend beyond the postacute stage. PET studies have consistently found abnormalities that have significant clinical correlates and are demonstrated in those with normal MRI/CT scans, but most studies to date have relied upon symptomatic patients. Similar issues are relevant to SPECT research. The fMRI studies of McAllister et al. 75, 76 demonstrate recruitment based on prior history of mild TBI without regard to current symptoms.
As most functional technologies have demonstrated their utility with regard to sensitivity, incremental validity, and functional correlates, the next step will be to conduct prospective studies with both symptomatic and asymptomatic patients. Jacobs et al. 100, 101 approach this The lack of consistency in methodology makes interpretation of the functional neuroimaging literature with regard to mild TBI challenging. For instance, the patient's mental activity during the actual scan differs
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across functional studies, with some studies requiring the patient to perform a task and others requiring the patient to do "nothing." Some studies include patients who require "mild sedation" during the scan, while others do not. Obviously, these differences may be reflected in differential rates of blood flow or metabolism. Also, differences in findings may depend on the type of tracer utilized. 91 There is inconsistency in matching mild TBI and comparison participants on demographic variables.
Further, most studies used relatively small samples. Statistical problems arise when a large number of variables are considered in a small number of patients. Correlating neuroimaging findings with postconcussive symptoms and/or mild cognitive symptoms is prone to reporting bias. For instance, these difficulties could be due to a mild depression. In addition, selection bias is inherent in many of these convenience samples, including confounding by intervening events during postinjury intervals of several years. Issues remain across technologies with regard to the best brain regions and time postinjury to scan and with regard to using a report of initial "normal" clinical neuroimaging as evidence that a given individual in fact had a "normal scan." 104 Particularly in the area of functional neuroimaging, if these neuroimaging techniques are to become clinically useful, it will be necessary to interpret positive findings. For example, frontal hypometabolism or underactivation may be due to a wide variety of possible neurological or psychiatric conditions besides mild TBI. There is no unique PET or SPECT "profile" that has been clinically validated with TBI. Neuroimaging is not unlike cognitive testing in which those tests that demonstrate abnormalities of brain function may be more sensitive than specific. PET [105] [106] [107] and SPECT 108 studies of depression and even sad mood induction can result in frontal hypometabolism similar to that seen following mild TBI. It is difficult to have confidence in the specificity of the abnormalities demonstrated in these studies. Indeed, as Deutsch 109 demonstrated, reduction of frontal blood flow is often a result of altered mental activity rather than brain pathology. Further, a recent fMRI study demonstrated that a placebo administered for pain control (i.e., resulting in a "belief or self-expectation" that pain will be reduced) resulted in significant attenuation of activation in response to a painful stimulus in painrelated areas of the cerebrum. Importantly, the magnitude of the self-reported placebo effect was correlated with the fMRI neural change. 110 Additional mild TBI studies will also need to better eliminate inclusion of potentially malingering patients, as fMRI abnormalities in frontal regions have been demonstrated with the mere act of deception. 111 Clearly, mood, beliefs regarding function, and attitudes, irrespective of any underlying brain dysfunction, all can alter functional neuroimaging results. This is particularly relevant in mild TBI given that a significant minority report mood disturbance, subsequently decrease their mental and physical activity levels, and are convinced that they are functionally and cognitively compromised as a result of their mild TBI. Cross-sectional studies conducted with chronic symptomatic patients are therefore difficult to interpret. Following patients prospectively and correlating abnormal imaging findings with outcome will begin to address these issues.
From a clinical perspective, before these newer neuroimaging procedures can be useful in the individual case, normative data are needed. Controlling for age, time since injury, effort, litigation status, scanning technique, and potentially other as yet unknown variables may be important for valid interpretation. Reliability with regard to ratings of what is "normal" versus "abnormal" is inconsistently presented in the literature, and test-retest reliability data are lacking. The subjectivity inherent in making these ratings, particularly in the reviewed SPECT literature, is problematic. As mentioned before, very few of the reviewed SPECT studies used comparison groups, relying instead on clinical judgment. Studies finding greater abnormalities on the left side of the brain are difficult to explain. 101, 112 Finally, combining structural and functional imaging studies may provide greater sensitivity than any one individual technique. 113 In summary, the reviewed brain imaging technologies detect changes not demonstrated on conventional MRI or CT structural scans. Importantly, these abnormalities are generally correlated with clinical outcomes, although the use of quantified and more varied outcome measures will be helpful in future research. Additional work is needed to assess the duration of these abnormalities, the extent to which they are found prospectively in asymptomatic and symptomatic patients, and the interpretative significance of positive findings. Finally, further study of brain region specificity is needed across technologies.
However, it is important to keep in mind that neuroimaging, like other medical tests and procedures, is typically interpreted in the context of the clinical history and other findings. In etiological conditions, such as mild TBI, where cortical disruptions are likely to be mild and diffuse, medical tests noting abnormalities are likely to be those which are most sensitive but not necessarily specific. As in neuropsychological or any other evaluations of a diffuse process, any attempt to identify or define specific patterns is extremely challenging. When viewed in light of the heterogeneity of this population in terms of the extent of injury (or even the presence of injury given that patient report is often the only evidence of altered consciousness) and the variability in clinical presentation and outcomes, the mixed findings of neuroimaging studies are not surprising. Intraindividual or "within subject" studies, wherein experiments using different imaging modalities are conducted within the same patient, would be a logical first step to ameliorating some of these issues. 
